Abstract: Various fractions of particulate matter have been associated with increased mortality and morbidity. The purpose of our study is to analyze the associations between concentrations of PM 2.5 , PM 2.5-10 , PM 10 and their chemical constituents (soluble ions) with hospital admissions due to circulatory and respiratory diseases among the elderly in a medium-sized city in Brazil. A time series study was conducted using Poisson regression with generalized additive models adjusted for confounders. Statistically significant associations were identified between PM 10 and PM 2.5-10 and respiratory diseases. Risks of hospitalization increased by 23.5% (95% CI: 13.5; 34.3) and 12.8% (95% CI: 6.0; 20.0) per 10 µg/m 3 of PM 2.5-10 and PM 10 , respectively. PM 2.5 exhibited a significant association with circulatory system diseases, with the risk of hospitalization increasing by 19.6% (95% CI: 6.4; 34.6) per 10 µg/m 3 . Regarding the chemical species; SO 4 2− , NO 3 − , NH 4 + and K + exhibited specific patterns of risk, relative to the investigated outcomes. Overall, SO 4 2− in PM 2.5-10 and K + in PM 2.5 were associated with increased risk of hospital admissions due to both types of diseases. The results agree with evidence indicating that the risks for different health outcomes vary in relation to the fractions and chemical composition of PM 10 . Thus, PM 10 speciation studies may contribute to the establishment of more selective pollution control policies.
Introduction
The association between inhaled particulate matter (PM 10 ), i.e., particles with aerodynamic diameter ≤10 µm, and harmful health effects is a relevant public health problem that has been widely documented in epidemiological studies carried out in various parts of the world. The effects associated with exposure to PM 10 range from hospital admissions to deaths from respiratory and cardiac diseases, particularly among the most vulnerable population groups, such as children and the elderly [1] [2] [3] .
PM 10 is an indicator of air pollution with high physical-chemical complexity and exhibits peculiar characteristics as a function of the sources of emission. Essentially, particulate matter is classified as coarse (PM 2.5-10 ) or fine (PM 2.5 ) particles, which allows for its deposition in several parts of the respiratory system; eventually reaching the circulatory system [4] . Harmful effects are associated with the various PM 10 fractions [1, 5, 6] . However, it is believed that some of its chemical species are able to significantly modify the association of PM 10 with hospital admissions [7] [8] [9] .
Among the chemical constituents that appear to pose greater risks to health are those derived from the burning of biomass and fossil fuels [3] . Some studies suggest that the risk PM 10 poses to health is due to its carbonaceous fraction and metals [5, [10] [11] [12] . However, some relevant institutions recently reviewed articles on toxicology and concluded that, while black carbon might not be the main toxic component, it might behave as a universal carrier of chemical constituents to sensitive targets in the human body. In addition, inorganic constituents such as SO 4 2− and NO 3 − might possibly have interactive biological effects with other constituents, thus influencing the bioavailability of definite components [13] . Son and colleagues reported an association between exposure to soluble inorganic constituents and mortality by respiratory and cardiovascular causes in Seoul, South Korea, but they did not find such an association relative to the carbonaceous fraction, although it represented 32% of the PM 2.5 mass [8] .
The chemical composition of PM 10 varies over time and by location, as a function of the sources of emission, which does not allow the results obtained at any given place and time to be generalized [10] . Thus far, most of the studies examining how the chemical constituents of particles relate to health were conducted in North America and Europe and this reinforces the need to assess the impact of pollution on health as a function of the chemical constituents of each PM 10 fraction in different locations.
The studies conducted in Latin America up to the present time have assessed the risk associated with particulate matter total mass only and mainly in large cities [14] . Therefore, the aim of the present study was to investigate the associations between the concentrations of PM 2.5 , PM 2.5-10 , PM 10 , and their soluble inorganic chemical constituents, and hospital admissions of elderly people due to respiratory and circulatory diseases in a midsized city in Brazil.
Materials and Methods

Study Setting
São José dos Campos (SJC) is located at 23 • 10'47"S and 45 • 53'14"W and is 91 km away from the capital of the state of São Paulo. This area is a seat for automobile, chemical-pharmaceutical, petrochemical and aerospace industries and contains several highways with high traffic density.
The air quality is monitored by the Environmental Company of the State of São Paulo (Companhia Ambiental do Estado de São Paulo-CETESB) based on an automatic station for measuring PM 10 , SO 2 , O 3 , relative humidity, temperature, wind speed and direction and a manual station to monitor smoke.
The municipal healthcare network includes three hospitals, five emergency care units, and 40 basic and 16 specialized healthcare units, in addition to contracted and associated private hospitals. The Unified Health System (Sistema Único de Saúde-SUS) provides care to approximately 400,000 people (60% of the population) [15] .
Data on Hospital Admissions
Data on hospital admissions were available from computerised files of the Health Services Information Database (DATASUS) of the Brazilian Unified Health System (SUS) [16] . Such data are processed and made available by DATASUS and can be used for health situation analysis, decision-making and the elaboration of health programs. These data consisted of information on date of birth, age and sex, date of admission and discharge, and the main diagnosis for the admission (coded according to the International Classification of Diseases, 10th revision: ICD-10) besides other information. Daily hospital admissions due to respiratory (J00-J99) and circulatory diseases (I00-I99) in elderly people (≥60 years old) admitted from 5 March 2010 to 17 February 2011 were included for analysis.
Environmental Data
The data relative to the mass concentrations of PM 2.5 , PM 2. [17] . The PM 10 concentration corresponds to the sum of the concentration of both fractions (PM 2.5 and PM 2.5-10 ). The procedures, relative to the sampling system, handling, and determination of PM 10 mass, are described in full detail in Ferreira and colleagues [18] . To obtain the soluble fractions, the sampled filters were solubilized and analyzed by ion chromatography (Metrohm-850 Professional IC, Metrohm, Herisau, Switzerland). The analytical procedures to obtain soluble ions, storage, calculation of the limits of detection and quantification and validation of the method used in the chemical analysis of the samples are described in the INPE Protocols [19] [20] [21] .
Data on PM 10 were also obtained from the CETESB monitoring station. The automatic station, at which the measurements are performed using the beta radiation method, is linked to a central computer via a telemetry system that continuously records atmospheric concentrations. Based on that station, meteorological data, relative to the temperature and humidity, were also used. The station is located approximately 2.6 km away from INPE.
Data Analysis
Time series of daily counts were used to assess the effects of exposure to air pollution, on the same day and a few days before, on health. Measurements of the pollutants were missing for days on which particulate matter was not collected. Therefore, missing data imputation was carried out by means of a procedure available in the mtsdi library R software version 3.0.2 (R Development Core Team, 2013, R Foundation, Vienna, Austria). The method for imputation is based on the EM (expectation-maximization) algorithm, which considers the dependence among variables and the temporal dependence of each variable [22] . Unidentified chemical species in the samples were imputed with half the limit of quantification of the method for each one of the chemical constituents.
The time series analysis was performed by means of Poisson regression using generalized additive models (GAM), which allow for non-linear terms. In the Poisson regression, the response is the natural logarithm of the expected number of events on any given day [23] . Thus, the following model was assumed:
where E[Y|X] is the expected number of elderly hospital admissions conditional on the covariates on a given day, X j are the linear terms, β j the regression coefficients of each linear term, and S i are smooth functions of the covariates X i .
The analysis was based on the identification of a baseline model. Indicator variables were used to control the effects of weekdays and bank holidays, and natural cubic spline smoothing [23] was used for the confounding variables (temperature and relative humidity) and time series structures (trend and seasonality). Three and two degrees of freedom (df) were used to model the minimum temperature and minimum humidity, respectively. For the time series structures, four and three df were used for respiratory and circulatory diseases models. The number of days between the measurement of temperature and humidity and the occurrence of the outcome, as well as the smoothing parameter for the natural cubic splines, were chosen in such a way that the fitted model shows the lowest value for the Akaike's information criterion (AIC).
Once the baseline model was established, the daily concentrations of the exposure variables were added to the model, assuming a linear relationship with the response variable. The relative risk (RR) estimates were obtained based on a polynomial distributed lag model (PDLM) for up to 5 days, which accounts for the joint distribution of adjacent lags in this time-frame [24] . For the constraining polynomial base, we used 2 df.
The results represent the percentage increase in risk of hospital admission for a 10 µg/m 3 increase for PM 10 and its fractions, and 10 ng/m 3 for the chemicals' constituents, whereby the percentage of RR for a 10-unit increase was estimated as
where β is the regression coefficient of the exposure variable. The significance level was set to 5%. Data analysis was performed using R software version 3.0.2 with the Air and Health (ARES) library, which was developed to conduct time series analysis of the effects of air pollution on health [25] .
Results
The data obtained from INPE relative to PM 10 fractions and chemical constituents corresponded to 80% and 75%, respectively, of the study period (350 days). In turn, the data on PM 10 provided by the CETESB station corresponded to the full (100%) study period.
The results of descriptive analysis in terms of the pollutants, meteorological variables and hospital admission are described in [26] . Due to a difference inherent to each of the collection systems used, as well as the collection height, the values of data collected by the CETESB station were approximately twice as high as those that were in the INPE data collection system; nevertheless, the distribution of the PM 10 concentration levels was similar in both ( Figure 1 ), whose correlation was 0.85. The maximal 24-hour and annual average concentrations of PM 10 were 93.6 µg/m 3 and 24.5 µg/m 3 , respectively, levels that were above the limits established by the WHO [26] . Although the smooth curve did not detect any long-term trend, greater concentration levels of the assessed fractions occurred in the dry season (April to August) and decreased in the rainy season, except for PM 2.5 , for which the concentration also decreased in the rainy season, although the variation of this fraction over time was less remarkable (Figure 1 ). Soluble ions represented 17% and 11% of the PM2.5 and PM2.5-10 masses, respectively, along the study period. The order of contribution of PM2.5 constituents was as follows: SO4 2− > NH4 + > NO3 − > Ca 2+ > Na + > Cl − > K + > Mg 2+ . Relative to PM2.5-10, the corresponding order was as follows: NO3 − > Ca 2+ > SO4 2− > Cl − >Na + > NH4 + > K + > Mg 2+ (Table 2) . (Table 2) . The number of hospital admissions due to circulatory diseases (n = 1765) was higher than the number of admissions due to respiratory diseases (n = 972). The average number of hospital admissions per day was five for circulatory and three for respiratory diseases ( Table 1 ). The distribution of hospital admissions throughout the study period is depicted in Figure 2 . No striking long-term trend or seasonality pattern was detected; however, the number of admissions due to respiratory diseases was higher in the dry season, while the distribution of circulatory system diseases seemed to be less variable over time.
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The number of hospital admissions due to circulatory diseases (n = 1765) was higher than the number of admissions due to respiratory diseases (n = 972). The average number of hospital admissions per day was five for circulatory and three for respiratory diseases ( Table 1 ). The distribution of hospital admissions throughout the study period is depicted in Figure 2 . No striking long-term trend or seasonality pattern was detected; however, the number of admissions due to respiratory diseases was higher in the dry season, while the distribution of circulatory system diseases seemed to be less variable over time. The estimates of the effects of each pollutant on hospital admissions are described in Table 3 . Statistically significant associations were identified between PM10 and PM2.5-10 and respiratory diseases and between PM2.5 and circulatory diseases. The estimates based on the CETESB station data were similar to those based on the INPE data, whose risk for hospital admission was detected only for respiratory diseases. The estimates of the effects of each pollutant on hospital admissions are described in Table 3 . Statistically significant associations were identified between PM 10 and PM 2.5-10 and respiratory diseases and between PM 2.5 and circulatory diseases. The estimates based on the CETESB station data were similar to those based on the INPE data, whose risk for hospital admission was detected only for respiratory diseases. LL, lower limit; UL, upper limit; a Cetesb station; in bold p-value < 0.05.
Only the estimates of the chemical constituents detected by chemical analysis in at least 75% of the study period were considered to be reliable. In regard to PM 2.5-10 components, positive, statistically significant associations were identified between SO 4 2− and respiratory diseases and between SO 4 2− , NO 3 − and K + and circulatory diseases. Relative to PM 2.5 , only SO 4 2− , NH 4 + and K + met the conditions established for valid estimates. SO 4 2− and NH 4 + were associated with a risk of hospital admission due to circulatory diseases, and K + was associated with both causes of hospital admission (Table 3 ).
Discussion
To our knowledge, this is the first study of the relationship between particulate matter fractions and chemical composition and health effects in a Latin America city. Results indicate an increased risk of hospitalization of elderly residents for respiratory diseases with increasing PM 10 and PM 2.5-10 concentrations and for circulatory diseases with increasing PM 2.5 concentration. Statistically significant positive associations were also observed between particulate constituents (SO 4 2− , NH 4 + , NO 3 − and K + ) in each of the fractions and both examined outcomes in this medium-sized city in Brazil.
The effects for all fractions of PM 10 were of larger magnitude than those usually reported in the literature for the USA and Europe [27] [28] [29] . For example, a 10 µg/m 3 increase in PM 10 was associated with a 12.8% (95% CI: 6.0; 20.0) and 8.9% (95% CI: 5.2; 12.8) increase in hospital admissions for respiratory diseases based on the data provided by INPE and CETESB, respectively. Although studies conducted in other cities in Brazil have reported smaller effect estimates [30] , our results are consistent with a previous study on the hospitalization of the elderly carried out in the same city [31] .
Although most research and regulatory agencies have directed their efforts and attention to the fine fraction of PM 10 , it is recognized that a reduction in the coarse fraction can also bring important health benefits [6, 32] . However, examination of the acute effects of PM 2.5-10 on hospital admissions is still relatively rare compared to PM 2.5 and results are somehow inconsistent [33] . Recently, a study involving 35 cities in California, USA, identified a positive association between PM 2.5-10 and emergency visits for respiratory disease even after adjustment for PM 2.5 [32] . It should be noted that in our study, coarse particles were only associated with respiratory admissions and this fraction represented 66% of the total PM mass in the studied city. This suggests the importance of monitoring and assessing different fractions of atmospheric PM 10 in this context.
Regarding the effects of the PM 2. and Na + were associated with cardiovascular admissions and SO 4 2− , Na + and Mg 2+ with respiratory admissions [34] . It is noteworthy that the estimated risks to the constituents of PM 2.5-10 in our study, with the exception of NO 3 − , were of similar magnitude to those obtained in Hong Kong, although the concentration of pollutants was quite different. In addition, we observed statistically significant negative associations for Cl − and Na + for both causes of hospitalization. These constituents in the coarse fraction were strongly correlated (0.78) and should be better examined, as they are predominant in this fraction. Currently, PM 2.5 is the indicator of greater interest for the assessment of health effects of particulate matter. Effects of this fraction are usually stronger because they can penetrate deeper into the airways of the respiratory tract and reach the alveoli. Many studies have shown that they are associated with morbidity and mortality by cardiovascular and respiratory diseases [1, 28, 35, 36] . In our study, fine particles were only associated with cardiovascular admissions. In a study conducted in four cities of Connecticut and Massachusetts (U.S.), there was a positive association between PM 2.5 and both causes of hospital admissions, but only the association with cardiovascular diseases was statistically significant [10] . In another study conducted in six cities in the U.S., Lepeule and colleagues found that for every 10 µg/m 3 of PM 2.5 the risk of death from cardiovascular diseases increased by 26% (95% CI: 14; 40), an effect of similar magnitude to that observed in our study [2] .
Among the constituents of PM 2.5 , K + was positively associated with both outcomes while SO 4 secondary species, formed in the atmosphere from precursor gases emitted during the burning of fossil fuels and the latter is emitted from biomass burning [40, 41] . It is noteworthy that studies have shown associations between cases of morbidity and mortality from cardiovascular diseases with vehicle emissions [36, 42, 43] , which together with industrial (petrochemical) emissions, are the main source of air pollution in São José dos Campos. There is great variability in the literature regarding the associations and effect estimates of particles on health. According to Son and colleagues, such variability is probably explained by variations in the chemical composition of the particles that are different from place to place [8] . In turn, Akhtar and colleagues considered that the biological response might result from the combination of the various characteristics of particles, such as mass, size, surface area and chemical composition, for which reason both the physical and chemical properties ought to be taken into account in the explanation of the toxicity of PM 10 [44] . Moreover, on many occasions, studies employ different methodological criteria in the evaluation of the effects of particles on health, making a comparison of the findings difficult.
An important limitation of the present study is the restricted time frame and chemical constituents available for analysis. A larger period and the evaluation of other chemical constituents of PM 10 may provide further elements for a better assessment of the effects of particulate matter on the health of this population. In addition, the levels of some chemical constituents could not be assessed on many days due to a very low concentration. This made it impossible to analyze the effects of all of the soluble ions because low concentration levels can be subject to measurement errors and thus interfere with the risk estimates. On the other hand, for the first time, we were able to estimate the hospitalization risks associated with exposure to PM 2.5 e PM 2.5-10 and their soluble ions in a vulnerable population group in Latin America. Our results indicate that the risks for different health outcomes vary in relation to the fractions and chemical composition of PM 10 . It is worth mentioning that PM 10 speciation studies may contribute to the establishment of more selective pollution control policies, i.e., policies aimed at controlling specific emission sources of compounds for which the relationship with morbidity is more evident. Nevertheless, these require a systematic collection of various fractions of PM 10 , as well as a characterization of the chemical composition for the inorganic and organic airborne particulate species.
Conclusions
The results agree with evidence indicating that the risks for different health outcomes vary in relation to the fractions and chemical composition of PM 10 . Thus, PM 10 speciation studies may contribute to the establishment of more selective pollution control policies. 
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